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INTERPRETATION OF TRACER SURFACE DIFFUSION EXPERIMENTS ON UO 
2 

ROLES OF GAS AND SOLID TRANSPORT PROCESSES 

BY D.R.OlANDER 

LBL-11817 

MATERIALS AND MOLECULAR RESEARCH DIVISION OF THE LAWRENCE BERKELEY 

LABORATORY AND THE DEPARTMENT OF NUCLEAR ENGINEERING OF THE UNIVERSITY 

OF CALIFORNIA, BERKELEY, CALIFORNIA 94720, U.S.A. 

A B S T R A C T 

The spreading of a tracer from an enriched needle source which cont~cts 

the surface of a depleted pellet sink is analyzed ri8orously. It is 

shown that volume diffusion in both the needle and the pellet need to 

be considered because only by this process is sufficient radioactivity 

accumulated for measurement after the anneal. Parasitic gas phase pro­

cesses are of two types-evaporative loss of solid if a flowing gas 1s 

used, or molecular diffusion from enriched portions of the surface to 

depleted zones if the couple is in a closed vessel with a stagnant gas. 

A complete numerical solution including surface diffusion, solid diffu­

sion, evaporative loss and contact resistance is applied to the UD 
2 

tracer study of Marlowe and Kazanoff at 1915° C. Based upon UO evapora-
2 

tion experiments, the analysis shows that the evaporative loss effect 

is not important in these experiments. The UO surface diffusion coGffi-
2 + 

cient deduced from analysis of these data is 0.2 - 0.1 cm 7 js at 19150 C., 

which is 104 times larger than that predicted by extrapolation of values 

obtained by mass transfer techniques. 

This manuscript was printed from originals provided by the author. 





I • ,~ INTRODUCTION. 

The coefficient of f>urface f,elf-diffusion em LJCJ is iJ kL'Y parc:lfTieter 
2 

in the proc8sses which affect the; bel1avtor of oxide nuclear fuel~;. 

Although small fission gas bubbles may not be :nobile under normal 

operating conditions. it is widely believed that in ropid transients 

gas release is controlled l1y the motion of thuse bubblec> in the; 

grains. Moreover. their velocity in a temperature gradient is assu-

mc,cl to tJro governr;ci by the mechcmirorn of surfi'lcc di ffu:3:Lcm, aniJ ~;u Um 

surface diffusivity is an important material property ir1 fuel mode­

ling codes (1 - 3). This quantity can be measured either by tracer 

techniques or by mass transfer methods (grain boundary grooving or 

scratch decay). Maiya's experiments using the latter technique [4) 

indicated that the grain boundary grooving method is totally evapo-

ration contro11ed on UO for temperatures above 1700°C. 
2 

also 

re-examined earlier grain boundary grooving and scratch decay expe­

riments (5 - 7) and attempted to correct the data for vapor trans­

port. which competes with surface diffusion for temperatures > 1400°C. 

Not having access to the original data, Maiya was forced to guess 

certain experimental parameters in order to apply the vapor-transport 

correction. The equation for the surface diffusion coefficient 0
0 
,) 

which resulted from Maiya's compilation has a pre-exponential factor 

of 5 x 10 5 cm 2/s and an activation energy of 108 Jq~al/mole. 

The only tracer study of surface diffusion on LJO is that of Marlowe 
2 

and Kazanoff (hereafter denoted by MK) (G), which resulted in a pre-

exponential factor 100 times larger and an activation energy 13 kcal/ 

mole greater than those suggested by Maiya. MK interpreted their tra­

cer spreading clata Jn terms of surface elL ffucii.on ,i]onc; - vulumc ciiffu-­

sion and gas phase transport weie claimed to be unimportant. Robertson 

(B), using El method proposed by Shcwmon (10), CDlT(~ctc::d trH? f~K rc;;ultc; 

at 1815°C. (the only temperature at which the original data were avai­

lable) and concluded that the correct value of 0 implied by thcoc da 
s 

ta is 300 times larger than the value deducecl by MK. or more than 

.. . I.' 



three orders of magnitude larger than the values from the Maiya corre­

lation. Consequently either there is a real physical difforonce bot­

ween the mass transfer and tracer methods, or the mathematical inter-

pretation of the MK data is incorrect. In this paper, the latter possi­

bility is examined. 

The tracer technique for measuring surface diffusivity utilized by MK 

is shown in Fig.1. A needle of 93% enriched UO with a flattened point 
2 

contacted a polished surface of a pellet of depleted UO (0.2% U-235). 
2 

After a known contact time at a fixed temperature, the radial distribu-

tion of tracer was determined by counting the U-234 alpha activity. 

The experiment was conducted in flowing hydrogen. No transfer of acti­

vity from the needle to the pellet was observed when the two were 

slightly separated. The needle was not sintored to the pellet after the 

anneal, 

Furaya and Koizumi (11) used the trdcer teclmique to measUrE! surfaco 

spreading of Pu-239 on UO . The important distirJction between this expe-
2 

riment and that of MK was the flow condition of the gas phase. In MK's 

case. the specimen was immersed in a flowing gas. with a flow rate 

high enough to prevent isotope transfer from the enriched to the depele­

ted specimens via the gas phase. However, there undoubtedly was evapora­

tive loss of UO from all surfaces. In Furaya and Koizumi's experiment, 
2 

on the other hand, the specimen was totally enclosed by a metal crucible. 

There was no possibility of significant evaporative loss from such an 

arrangement, but transfer of tracer from the enriched to the depleted 

surfaces by molecular diffusion in the stagnant gas could dnd did occur. 

The effect was very large at high temperature, resulting in a 20-fold 

decrease in thB apporr:mt surfCJcn dif-FusivJty when tho Ea::; pllWir:) trimcc;fcr 

process was impeded by masking the depleted surface during an anneal. 

Not enough information is provided in f~ef, 11 to cmalytically estirr;utn tt1r' 

gas phase transfer effect. 

Robertson's re-interpretation of the MK data (8) to include bulk diffu-

sion of the tracer is subject to improvement in tho following areas : 

, . , I,, 
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,)., -

1, -~ The ~3howmon theory u~wd by HotJertson is bcJ3E;cJ or1 em dpproxJ 

mate £\Dlutton of thD rnr:1thmnatical surface rnCJs" balcmccs, Thu 

accuracy of this solution is unknown. 

2. - Data analysis relies on on the slope of log (activi 

vnrsus rad:ilJ~j ploh;. The magn:Ltuc1e of trm activity, vJhJcil j_s 

equally s ll H'i ccmt, i ::; norecJ. 

3. Tt1t=.1 ust::d in the i ion assumes a constant tra-

cor concentration at the needle-pellet interface. which is 

incorrect because the needle surface becomes letmJ of trC:J--

car as much or more so than the surface of the depleted pel-

let becomes enriched. 

4. - It was assumed that the count rate at any radial location is 

proporti>onal to the total quantity of trc:1cer \AJhich had chffu 

sr::;d into the bulk at th:ls po~lnL llowever, tJectlWHl illplw p,Jr--

ticles have a rcJngEl of ~ 1ll prn in lJCJ , this d~;~:;umptiorl i::o 
2 

incorrect. 

5. On the basis of MK's observat:lon of no activity transfer 

when the needle and pellet are not in contact, 

transfer of tracer from the enriched source to the 

1vc 

lrc;tFlCi 

sink was correctly ruled out. However, iVf3 lo '-' of 

UO frorn all surfaces into the flowing en could afFect 
2 

both the surface and bulk diffusion processes. 

6. - The possibility of a transfer resistance at the nt of con---

tact between the needle and the pellet was not consJdered. 

Such a resis nee is comnon in di sian couples used in vo-

lurne d:l ffusion nts, and there is llO red::> on to 

it in a surface diffusion couple. 

Items 1 - 4 of th:ls list cm1 []e C:Jccounted for Clllu1yticiJlly. Th<; 1iJst 

two items, however, each involve a dist net ical process whlch must 

mate the magnitudes of the parameters which characterize these pC:Jrasl 

tic processes in the overall trans process. Such oarameters must 



eithBr be determined independently or in tho course of fitting the 

tracer spreading data to the theory, a procedure which necessarily 

reduces the accuracy of the values of surface diffusivity which can 

be deduced from the data. In order to alleviate such data-fitting 

problems. experiments were performed to provide information on the 

magnitude of the evaporative loss effect to be expected in the MK 

II. ~ UO VAPORIZATION EXPERIMENTS. 
"-2. 

UO specimens were vaporized in flowing gas streams at atmospheric 
2 

pressure, As shown in Fig.2, samples in the form of disks 1 mm thick 

and 1.2 em in diameter are suspended from the arm of an electrobalan­

ce by a rhenium wire. The gas is fed into the bottom of a tungsten 

crucible and flows upward. The crucible is mounted in a vacuum resis­

tance furnace and the temperature is measured by a tungsten-rherJium 

thermocouple touching the outside wall of the crucible. In auxiliary 

experiments using an insi.de thermocouple as well as the outside one, 

the outside thermocouple was calibrated in terms of the internal tem­

perature. Weight losses were recorded as a function of time at various 

temperatures and flow rates of either argon or hydrogen. Only evapora­

tion occurs in argon, but the weight loss rate in hydrogen is the sum 

of evaporation and reduction. Only the evaporative component is of 

interest herG. 

In convective mass transfer experiments of the type described above, 

the rate of vaporization is governed by the mass transfer coefficient 

according to the following equation : 

J evap 
( 1 ) 

where J is the rate of evaporation per unit surface area in moles/ 
evap 
k is the mass transfer coefficient in cm/s, and C is the satu­

g 
ration concentration of solid in tho gas at the surface, as obtained 

from the vapor pressure of UO Actually, the vapor pressure used to 
2 



compute the driving force for ion should be the sum of the 

pressures of all uranium-bearing gaseous es in equillbciurn v!itt-, 

the surface of the specimen . In stoichiometric UO • the most volati-
2 

cs 1s uo , c.vh]cr1 thus 
3. 

ZDS tially in tho early 

s s of surface; n;cess:Lon. The surface tJecorTles 

r:;ruent zat:Lon. but u1t:Lm:L tf51y reachec3 a stcclte substo.l. --

chiornetry c!Jci:CJted tJy the requirement i:hfjt thG 0/U ratio in the evapo-

l'cJUr1t3 Vilpor ll8 tllr~ same rlS tlwt of tho hulk f,olid (which je> rlf)il 

stoichiometric). Tho total vapor pressure above the substo chiometric 

surface may be somewhat different than that of stoichiometric UO • 
2 

but tllis cHfference :Ls neglected in tile present anc:l 1al 

pressure of UO in the bulk gas. 
2 

lk in Eq[1), is essentially zero 

because of the small sample size and the high gas flow rates used. 

A typical we ht-loss curve is shown in .3. During the initial pe-

riod of argon flow. the specimen weight decreases linearly with time. 

The slope L; a direct measure of the flux J and Eq (1) CiJrJ IJn eVa[) 
LJ~>Eld to determine the mass transfer coefficJcmt k. The we:ight loss ril-

te increases dramatically when tho gas is switched to hydrogen, but 

most of the increase is due to reduction of the sample. In order to 

rationalize the pure evaporation data obtained in argon and to estima­

te tho evaporation contribution in hydrogen, the mass transfer corre-

lation for flow over a flat plate was used (12) 

Sh 0. 6 [14 /3f' 1/2 
ID en 

where 

is the Shenvood rlUrnber, 

Sc 

is the Schmidt number, and 

F~e " vf.Iv 

is the Reyno1d::3 number, In these equCJt:ion:::!, . .t is the downstn1arn clis·-

tancEcl from the leading edge of the flat platD and is tc1l\c:m a~.> the mec:m 



6.-

cllord llmgth of tho flat surfaco of the disks usecJ in the present 

experiment. 0
9 

is the diffusivity of UO in the gas as calculated from 
2 

kinetic theory, and v is the kinematic viscosity of the gas. v is ttte 

free-stream velocity of tho gas obtained from the volumetric flow ra-

te and the cross sectional area of the crucible in which the samples 

are hung. Although the arrangement of Fig.2 does not corresponcJ to a 

classical flat plate experiment, this idealized geometry is the clo­

sest representation of the actual convective transfer conditions. 

Experiments were conducted at 1900°C. with free stream gas velocities 

of 9, 11 and 22 cm/s. One experiment was made at 2000°C. at a gas ve­

locity of 23 cm/s. These conditions produced weight-loss rates which 

varied by ~ factor of five. When converted to mass transfer coeffi­

cients and plotted in the manner suggested by Eq (2), the data appear 

as shown in Fig.4. They follow the predicted flow rate effect quite 

accurately. The data for the two temperatures investigated fall on 

the same line. which means that the data are consistent with the vapor 

pressure-temperature relation used to deduce mass transfer coefficients 

from evaporation fluxes according to Eq (1). 

The data follow the form of Eq (2) except that the numerical coefficient 

for the former is six Umes larger than predicted by flat plate theory. 

This is believed to be due in part to edge effects in the experiment 

and to failure of the suspended disk to behave as an ideal flat plate. 

In addition, if the samples were slightly hyperstoichiometric, vapori­

zation of UO would significantly enhance the vapor pressure and hence 
3 

the evaporation rate. However. the argon data are sufficient to permit 

a reasonably accurate extrapolatior1 to the vaporization in hydrogen. 

This extrapolation was made using Eq [2) and the values of the trans­

port properties (i.e., D and V) of the two gases. This procedure resul-g 
ted in a predicted mass transfer coefficient in hydrogen which is 2.1 

times larp;er than :in argon, hence the origin of the rjashecl linn rncn·lv3d 

"expFJcted H evaporation" j.n Fig. 3. 
2 

Instead of expressing UO vaporization by a mass transfer coefficient, 
2 

it is convenlant to employ the surface recession velocity V = J /C , 
evap v 

where Cv ~ 0.041 moles/cm 3 is the molar density of solid U0
2

• Using 



Eq [1) for J [C bein~ zero), we huvo 
evap blJlk 

v /C 
v 

(J) 

Using the experimenta I mass transfer coefficients in argon, tho sur-

face rececosion velocities computer! from [3) arc multiplied by 2.1 

to obtain the expected values in hydrogen. This calculation yields 

V = 1.0 wrn/hr at 1915°C for a gas flow velocity of 22 cm/s. Since 

the flow velocities used in the evaporation experiments were delibe-

rately high to emphasize the vaporization process, we expect the 

UO vaporization rate in the MK experiments to be less than 1 ~m/hr. 
2 

III. -ANALYSIS OF THE MK TRACER EXPERIMENT. 

Having at least placed an upper Hm:Lt on the ratfJ of evapor,ltion of 

UO , analysis of the MK tracer diffusion system involves two unknown 
2 

parameters, the surface diffusion coefficinr1t and the contact resis-

tance between the needle and the pellet. The bulk diffusion coeffi­

cient of U in UO , having been measured in a number of independent 
2 

experiments, is assumed to be known. However, even for nominally 

stoichiometric UO there is a spread of about a factor of 5 at 1900°C., 
2 

and the use of hydrogen in the MK experiment means that the UO is 
2 

probably not stoichiometric. That this transport property is indispen-

sable to the understanding of the tracer diffusion process is clear ; 

it is only by virtue of diffusion of tracer atoms into the bulk of the 

pellet that a detectable alpha count ratn hi attainable. If the proccsc; 

involved only transport of tracer atoms in the topmost atomic layer of 

the surface and if this layer were fully enriched, the detected activity 

would be equivalent to that from a bulk solid uniformly enriched to 

- O.OOG %. Or, if the volume diffusion coefficient were zero, the tracer 

experiment would detect no alpha -radiation no matter what the mohility 

of molecules of UO on the surface. 
2 

The concept, often used in surface diffusion analyses, of a " 

sivity layer" many atomic distances thick must also be rejected. Enough 

is knowRabout crystal surfaces, including those of ceramics such ns UD 
2 



B -

to state that the bulk crystal structure persists to the surface, 

with at most a slight relaxation or reconstruction of the surface 

plane of atoms (13). The surface must be treated mathematically as 

a plane terminating the bulk structure on which lateral atom motion 

occurs by movement of n1olecules across terraces from temporary bin­

ding sites such as kinks and ledges. The mass balance equation in 

which surface diffusion appears conserves the areal density of tra­

cer atoms. On the surface of the depleted pellet denoted as region 

1 in Fig.1, the balance is : 

+ ac s 0 1 
s r 

(4) 

where C+ is the number of gram atoms of tracer per unit area of expo­
s 

sed surface and 0 is the surface diffusion coefficient. Radial loca­
s 

tion is denoted by r and z is the depth of penetration into the solid. 
+ 

C is the molar volumetric concentration of tracer atoms at depth z 
v 

and 0 is the volume self diffusion coefficient of uranium ions in po­
v 

lycrystalline UO . In this equation, the second term on the right hand 
2 

sidp, represunts loss of trcJCor atom" from the ~wrfacr; by volume: cJiffu 

sion into the solid and the last term reflects the contribution due to 

evaporation. The surface and volume diffusion terms represent inter­

changes of tracer and normal atoms or molecules and hence do not pro­

duce changes in the total concentration of surface atoms. The evapora­

tive term, on the other hand, removes both tracer and normal uranium 

atoms at rates proportional to their surface concentrations. This term 

is nonzero only if there is a bulk concentration gradient ; if the 

concentration is uniform in the solid, evaporation does not change the 

concentration of tracer atoms on the surface. Suppose, however, that 

the surface recedes by evaporation with a velocity V and the bulk 

enrichment is a known function of depth. q(z). In a time 6t, the con­

centration of tracer on the exposed surface changes by : 

s c [ q CJ:l. -rJ - q r o J J !:! c ( _a_g_) t:.. z s s Clz 
z '" 0 

where C is the total number of uranium atoms per unit of surface 
s -9 

area, which for the low-index planes of UO is 1. 1 x 10 g. atoms 
2 

U/cm 2
• Since 6z = V 6t, the evaporation term in Eq (4) is : 



c v 
s 

0 

the surface and bulk enrichments are defined by 

+ 
qs c /C 

s s 

+ 
q c /C 

v v 

NormaHzed surface ancJ bull<, concentrations are defined by 

v 

9 

( 5) 

( 6) 

(7) 

where qE and q
0 

are the original tracer fractions in the enriched 

needle and in the depleted pellet. respectively. Because the tracer 

enrichments are continuous at the interface, u is equal to the va­
l 

lue of v at z = 0. 

Dimensionless time. distance and property parameters are given by 

ll 

z 

E 

G 

A 

0 t 
v 

r/b 

z/zF 

1 b2 
\!'h.;; ---

\/TIC 
s 

zFCv 

VzF 
-~0 

v 

0 c ( 8) 
v v 
c 

s 
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where b is the radius of the point of the needle contacting the pellet 

surface and zF is the range of the tracer alpha particles in UD . 
2 

Inserting Eqs [5) - (B) into (4) yields 

au 
EG --l aT 

luation 

( au ) ( )~ ) 
1 a 1 ~ AG dV n aT) n afl + \frr E 1 + Vff az z 

u 

the g in the last terms on the ght hand side 

requires analysis of transport in the solid. The experimen 

( 9) 

of Chilton and Edwards(14) demonstrated that migration of heavy metals 

in polycrystalline U02 of the type used in the MK experiments occurs 

primarily by grain boundary diffusion. However, in interpreting 

their penetration data, these authors did not use the analysis which 

explicitly recognizes distinct grain boundary and lattice transport 

mechanisms(l5). Rather. they used the Boltzmann-Montana method to 

determine effective homogeneous-medium diffusivities from the data. 

Because of the influence of grain boundary diffusion, the values of 

Dv so deduced are much larger than those representing true lattice 

cation diffusion. Although the values of Dv reported by Chilton and 

Edwards represent a blend of lattice and grain boundary diffusion, the 

effective diffusivi es can only be used in the same framework as the 

one from which they were obtained, namely in unction with a conser~ 

vation statement appropria to a homogeneous medium. Thus, the 

equation which must be used if bulk penetration is to be described by 

Chilton and Edwards 1 diffusion coefficients is Fick's second ·law. 

Because the bulk diffusivi is small. diffusion parallel to the surface 

(i.e .• in the r-di on) can be negl As wi 11 seen later, the 

penetration depth of perpendicular to the pellet surface is - 1~m, 

Radial transport by solid state diffusion must even smaller because the 



diffusion geometry is cylindrica·l rather than axia·l. Consequently, 

tracer detected at radii from a 1 to 5 mm cannot possibly reflect 

transport by solid state diffusion in the radial direction. The 

same conclusion follows from the analysis of Ref. 10. 

Because of surface evaporation, we must deal with a moving-boundary 

problem. With z = 0 located at the moving surface, the diffusion 

equation for the tracer in the bulk is: 

or, in dimensionless terms, 

The boundary and initial conditions are 

v (Z,O) 

v (O,r) 

v (oo,r) 

0 

u (T],T) 
1 

0 

Using Duhamel's theorem (16), the solution is 

d 
(T],T) aT g (Z,T - )\) d;\. 

( 1 0) 

( 11 a l 

( 11 tJ l 

( 11 c) 

( 12) 

' .. I .. 
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where g [Z,T) is the solution of s (10) and (11) with the condition 

of Eq (11b) replaced by g (O,T) "'1. This solution is [!6) : 

g (Z, T) 1 I (z + AT) -AZ "' 2 \ erfc 2 V'f + e erfc 

Substituting Eq (13) into Eq [12) yields 

2 
\fiT 

00 

z 
2\/T 

( 13) 

( 14) 

Since we are only interested in the behavior of vas Z + 0 (i.e., in 

(8v/aZ)Z = 01. the u
1 

-function in [14) can with acceptable accu-

racy be expanded in a two-term Taylor series 

( 15) 

Comparison with the analytical solutions for A = 0 ( 1~ shows that 

use of this approximation in Eq (14) is exact for u = constant and 
1 

for u cc T, and is within 1 ?;; of the exact solution for u cc \[f.", 
1 1 

Substituting Eq (15) into Eq (14), performing the required integra­

tions and taking the derivative at Z = 0 yields : 

where 

F (y) 
1 

F (y) 
2 

0 

-y2 [ 
e +Vrfy 1+ 

( 16) 

erf ( y l] ( 17 a l 

(17b) 

... / .. 



and 

y 
1 

A V''C 
2 

13-

( ~ 8) 

Surface ev<:lpordtion enters via the AG/Vff term of Eq (~JJ ond in tho 

F and F functions tn [q (16). ThE: former if; 
1 2 

f\G 
Vif 

vc 
s 

D C 
v v 

and the parameter y is 

V\ff 
y .2\/T'F 

v 

From the comptlation of Chilton and Edwards (14), the smallest expected 
-1 '1 2 value of 0 is- 1.5 x 10 em/sat 1915°C. From the expertmcnts des-

v 
crtbed in Sect. II, the maximum value of V expected in the MK 

-Ll 
monts is 1 ~m/hr. With C /C = 2.7 x 10 em, the maximum poooible va-

'"5 v 
lue of AC/V'ff is - 5 x 10 , which can clearly be: rmg1ected compdnld tu 

unity in Eq [9). For the 20-minute anneal at 1915°C in the MK work, 

the maximum value of y is 0.13,for which F 
l 

1.25 and F 
2 

are sufficiently close to the limits at y = 0 (F 
1 

= F 
2 

1.00. These 

1) that to a 

good approximation, the effect of vaporizatiun in the MK experiments is 

small. However, the moving boundary effect on bulk diffusion (i.e., tho 

F and F functions in Eq ( 16 l) is retainE:d in the anr3lysis. 
l 2 

Neglecting AG/\ff cornparrJd to un1 ty and substituting Eq ( '16) Lnto Eq ( ~J J 

yields : 

( 19) 

The parameter G in this surface bcllcmce eqllat:ion is neg1ig:Lble except 

near T = 0. Numerical solution of this equation verifies that G can be 

droppr3cl from the equation without ciigni ficant effect on the cornputcd 

concentration profiles. Neglecting C in Eq (19) is equivalent to set-

ting the left hand side of Eq (4) equal to zero, which signifies that 

the surface layer has a negligible capacity for storing tracer otoms 

(compared to the capacity of the bulk). 



14 ~ 

With the parameter G absent from the equation~. tho surface diffusivity 

enters thCJ analysis only in tt1e product D C . Determination of 0 alone 
s s s 

requires specification of the total areal density of atoms, which de-

pends upon the surface plane exposed. However, separate values of C s 
and 0 are never needed in any practical application of the surface dif-

s 
fusion process. In the theory of temperature gradient migration of gas 

bubbles in solids by the surface diffusion mechanism, for example (1 7), 

only the product 0 C is required. Concern over the thickness of a 
s s 

high diffusivity surface layer is a fiction, one which makes no physical 

sense and which, moreover. is not needed to apply basic surface mobility 

measurements to practical situations. 

Equation (19) provides a single partial differential equation which, if 

supplied with appropriate boundary conditions, could be solved for the 

surface enrichment profile as a function of time, u (n,T). Previous 
1 

treatments of tracer diffusion experiments (e.g., Ref.10) applied a con-

dition of constant enrichment at the needle-pellet contact circle, which 

is equivalent to setting u (1,T) = 1 and implies that the bulk tracer 
l 

concentration of the enriched source is maintained at this point for all 

times. However, the enriched needle is microstructurally identical to 

the depleted pellet. and if the transport of tracer atoms in the latter 

is determined by surface diffusion, bulk diffusion, and evaporation, 

the same must be true of the former. The existence of the same transport 

resistances in the source needle as in the pellet sink means that the 

needle must be modeled in the same manner as the pellet. Therefore, we 

write surface mass balances for the needle which, by the geometry depic­

ted in Fig.1, is divided into two regions. Region 2 is the conical sur­

face extending from the pellet-needle contact circle to the beginning 

of the cylindrical portion, which is denoted as region 3. The analysis 

of transport on regions 2 and 3 is the same as that just described for 

region 1 except that the right hand sides of Eqs (11a) and [11c] are 1 

instead of 0. With this change, the surface mass balances for the needle 

zones are : 

[ 
]8u 1 a f dU?.) F (y) 

E \ffF / y) + C~p-:f ~ d]J \p 3lJ·- + E ( 1 .. u 
2 

J (20) 



15 -

and 

E[\fiF (y) + Gl~2 
2 · J at ( 21) 

where U = r'/b is the radial distance along the cone measured from the 

hypothetical cone tip and ~ = z'/b is the axial distance along the cy­

lindrical portion of the needle measured from the intersection of the 

conical and cylindrical surfaces. 

The initial conditions in the three regions of the diffusion couple 

are 

u (n,o) 0 
1 

u (JJ,O) "' 1 (22) 
2 

u (~,0) 1 
3 

and the boundary conditions are as follows. The pellet is assumed to be 

an infinite half-solid, so : 

0 (23) 

The needle-pellet contact circle is at n = 1 or 1J ~ esc~, where 20 is 

the angle at which the needle was sharpened. At this contact circle, 

the flux matching condition is : 

(24) 

where H is a dimensionless contact resistance parameter which can only 

be determined by fitting the theory to the data. Equality of the surfa­

ce fluxes of tracer atoms on either side of the contact circle also re­

quires that 

-G~·) 
n 

(25) 

esc~ 
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From the geometry of the needle source reported by MK. the junction bet­

ween regions 2 and 3 occurs at ~ ~ 8 csc6 which is equivalent to ~ ~ 0. 

Since there is no contact resistance at this junction, we hove : 

and 

Sese~ 

u (O,T) 
3 

(26) 

(27) 

0 

Assuming the cylindrical portion of the needle to be infinitely long 

yields the final boundary condition 

U (oo,T] 
3 

1 (28) 

Solutions of Eqs (19), (20) and [21) subject to the initial conditions 

of Eq (22) and the boundary and matching conditions given by Eqs (23) -

(28) determines u (n,Tl for specified values of the needle angle 2~. 
1 

the surface diffusion,parameter E, _the contact resistance parameter 
H, and the evaporation parameter A. However, the experiment does 
not measure u1; rathe~ it determines the decay ra of alpha 
particles crossing the surface of the depleted pellet from tracer 
atoms which have diffused into the bulk. At radius r and depth 
z beneath the depleted surface, the source strength of alpha 
particles in ACvq(r,z,t), where A is the decay constant of the 
tracer. The current I the surface due to this distributed 
volumetric source is (17): 

ZF 

I 
1 (29) 

0 

where is the range in UO of the alpha particles from the decay of 
2 

tracer atoms. The activity detected in the MK experiment (after correc-

tion to a per unit area basis) is proportional to the current I of 

Eq (29]. Using q = qE in this equation. the activity of the enriched 

source is proportional to : 



and that for the depleted material is 

'I 7 
I I 

(JUal 

(30b l 

A dimensionless activity R, which is obtainable from the experimental 

data as well as from the theory, is defined by : 

1 

2 v c n. t. Z) c 1 - z 1 dZ 

0 

Substituting Eq (14) into Eq (31) yields 

R(T],T) 4 
\fiT 

0 

1 

( 1 ~ z) 

00 

z 
( z2 ' [ ( u n,T - ----::) exp ·· X + 

1 4X 2 

( 3'1) 

dX d 7 

( 3 2 ) 

The experimentally accessible quantity R(TJ,T)follows from the solution 

for u (TJ,T) by application of the double integration indicated above 
1 

(without using the approximation for u given by Eq (15)), 
1 

IV, RESULTS AND DISCUSSION, 

The experiment of Marlowe and Kazanoff (9) at 1915° C is the only 

one for which the radial distribution of the alpha particle counting 

rate on the surface of the initial depleted pellet was 

Figure 4 of the MK paper gives the activity per unit area, less that 

of the initial depleted specimen. as a function of radius, These data 

are p ional to the numerator I - I in the 
0 

ity R of Eq (::31). 

MK reported that the activity of the enriched material was 142 times 

than that of the leted UO • for which a counting rate of 3.1 
2 

was given. The data of MK's ,4 were converted to R values by divi-

ding each point by 142 x 3.1 - 3.1 437. 
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The geometry of the MK specimen was comp ·1 ete ly reported except for the 

angle at which the enriched needle was shaped. We have made numerical 
tests with the full cone angle of Fig,l (i.e.g 2¢) equal to 30° and 45°. 
The needle trip radius was given in Ref. 9 as b = 0.01 em. so that 
radial position on the pell surface can be converted to the dimension­
less quantity n. Conversion of the experimental annealing time (20 min) 
to the dimensionless time T requires knowledge of the alpha particle 
range zF and the bulk diffusivity of uranium in uo2, Dv. The range of 
the 5.5 MeV alpha particles from decay of Pu-239 is reported to be 11.7 
~m (18). Hawkins and Alcock (19) cite a range of 10.2 ~m for the 4.82 
MeV alpha particle from U-233 in U02 and Hirsch and Matzke (20) use a 
range of 10 vm for the 4.77 MeV U-234 alpha particle in uo2. We adopt 

this value for the present calculations. 

Chilton and Edwards [14) have measured the penetration of Pu in UO , 
2 

which occurs via grain boundaries. Based upon these results and their 

correlation of earlier data. 0 is estimated to lie between 1.5 x 10-
11 

v 
<md 7.5 x 10- 11 cm 2 /s at 1915° C. It should bF.! noted that t:his r<mL;e of 

values applies to material which is nominally stoichiometric whereas 

the urania in the MK experiment is probably hypostoichiometric because 

hydrogen was used as the cover gas. Based upon these two extreme values 

of 0 • the dimensionless time in the MK experiment is probably between 
v 

0.018 and 0.090. 

The surface spreading data of Ref.9 were fitted to the theory for four 

specified combinations of needle cone angle and dimensionless time. For 

each of the four cases, the experimental data in the form of dimension-· 

less alpha activity R versus dimensionless radius n we~& fitted to tho 

theory by choosing values of the surface diffusivity parameter E ar1d 

the contact resistance parameter H. The evaporation parameter A was set 

equal to zero. The results are shown on Fig.S and the corresponding pa­

rameters of the best fits are given in Table 1. 

' .. I.' 
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Except for the radial location closest to the enriched needle, c 
".:J 

demonstrates satisfactory fitting of the model to the experimental re­

sults. The data point at n = 10(r = 1 mm) is subject to the largest 

experimental error. particularly since the aperature counting techni­

que requires both the value of the countrate for a circular area of 

radius rand its derivative (9). Using the maximum error indicated by 

MK for their integral countrate data. the point at n ~ 10 on F .5 is 

subject to an error of - 15 %. For the maximum value of this range, 

the data point in question would fall - 10 % below the predictions of 

3 of the 4 cases treated by the theory. The fit of the theory to the 

data is well within the uncertainty of the latter for the remaining 

points. 

Use of the contact resistance H as a fitting parameter is essential 

to obtaining the accord shown in Fig.S. With H a 00 (i.e .• perfect con­

tact at the needle-pellet interface). the data point at n = 10 in 

Fig.5 would be a factor of two below the predictions which fit the 

remaining points adequately. However. the values of the surface diffu­

sion parameter E corresponding to these (poorer) fits are close to the 
values shown in Table 1. 

Based upon the values of the parameter E given in the fourth column 

of Table 1. the product 0 C can be calculated from the definition of s s 
E (Eq (8)). Taking C to be the average areal density of uranium ions 

s 
on the (100), (110) and (111) planes of the UO crystal structure. 

2 

the surface diffusion coefficients shown in the last column of Table 

are deduced. The uncertainties in the needle cone angle and in the vo-

lume diffusivity result in a factor of - 2 spread in the values of D 
~:) 

deduced from the data. Data fitting with D = 7.5 x 10-11 cm 2 /s prodtJ­
v 

+ 2 ces a surface diffusity of 0.22 - 0.04 em /s, although the fits are 

not as good as those in which 0 is taknn 
v 

t o b n 1. 5 x 1 0 -
11 em 2 Is • f o r 

which 0 is found to be 0.13 cm 2/s. Those results show that a factor 
s 

of 5 change in the assumed value of 0 produces only a factor of 1.7 
v 

change in the value of 0 extracted from the data. However, even the 
s 

smaller value of Ds = 0.13 cm 2 /s is - 3000 times larger than the value 

deduced by MK from the same data. It is also > 104 times larger than 

the value obtained from Maiya's correlation [4). 
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Figure 6 illustrates the effect of surface evaporation on radial sprea­

ding of the tracer. This plot shows theoretical curves corresponding to 

the parameters of case 3 in Table 1, in one instance with no evapora­

tion and in the other with the maximum expected surface recession velo­

city of 1 ~m/hr (see Sect.II). Nonzero values of the evaporation para­

meter, !\, lower the surface spreading curve by nearly a constclrlt frac 

tion. which is roughly the same effect caused by an increase in the pa­

rtlrnt:tlor [. If the theory had tJmm fi ttcd to the data ac.!sumir1g thG mrixj,­

mum CVilpOl'iltiun r<)tc (i.e., w:LH1 A'· 2 for ca~;us 1.EJmJ ;3 anri !\ '" U.4 

for cases 2 and 4), the same quality of fit seen in Fig. 5 would be 
obtained but the surface diffusivities deduced from the fitting procedure 
would have been~ 30% larger than the values shown in Table 1. This 
relatively small effect of evaporation is understandable. Tracer 
penetration into the bu1k solid follows roughly the function erfc 
(z/Z~t') (viz., Eq. (13) with A= D). The complementary error 
function is essentially zero for an argument of~ 2, which gives a 
penetration depth of 4~. For MK's 20 minute experiment at 19l5°C, v 
the range of volume diffusivities at this temperature, the tracer pene-
tration depth is 5 to 12 ~m. For a surface recession velocity of 1 vm/hr, 
surface removal in the same time period, Vt, is 0.3 vm, which is quite a 
bit smaller than the tracer penetration depth. Thus, even allowing for 
the most severe evaporation rate, the effect on D

5 
is less than the 

effect due to the uncertainty in the volume diffusion coefficient. 

Fir1ally, Fig.G compares the prediction of thG present nurnron·i,cal procu 

dure with the analytic approxim~tion due to Shewmon (10). The latter 

yiEdds an analytical formula for the bull\ trE1cer concentration i::ls d 

function of r, z and t, which when converted to the dimensionless form 

v[n,T,Z) and inserted into E~ (31) yields : 

i33J 

where E, T, and n have the same meanings as in the present study. In 

Eq (33), K0 is the modified Bessel function of ordnr zero and the func­

tion f(T) is 

\If( e rf (X ) -X 2 
f(T) "" 2 - 2VTI ierfc(x) - , ___ + e 

X 
[34) 



I!Ji.th x"' 0.5/\ff. ir'lrfc ts Uw first inb;grr:iJ of tho complementary error 

function (14). Shewmon's solution docs not include the effects of con­

tact resistance or depletion of the source needle. Using the E and T 

values for case 3 in Eqs [33) and (34) produces the upper curve in 

F .6, which. as expected from the phenomena which have been neglected 

in its development, gives very much larger predictions of surface sprea 

ding than the numerical model described here. Consequently, Shewmon's 

approximation cannot be generally used for 

face diffusion data. 

ation of tracer sur-

Finally~ the values of for analyses of the MK 1915°C data 

can 's(8} use Shewmon~s method yi ds 

( 21 ). which i n 

mathematical approximations of the Shewmon theory, yi ds 

1.9xlo-9 cm3;s; the value from the present work, in which the depth 

the "surface layer"(o) is C/Cv9 gives 3.5xl0- 9 cm 3;s. Each 

improvement of the mathematical interpretation of the MK data doubles 

the deduced surface diffusivity. If the surface layer thickness is 
tl 

ken to be 2.7 A (equal to Cs/Cv for uo2), the corresponding surface 

diffusion coefficients are 0.03~ 0.07, and 0.13 cm 2/s 1 respectively. 

These values are so large that they cannot be ass.ociated with an 

appreci le ion energy. They are, in fact 9 approaching 

typica·l values gaseous uo2 di sian cients(l7). The MK 

su sp ing data suggest that uo2 moves on its own surface at 

191 1·ike a two-dimensional i 1 with a scattering mean free 
() 

path of - 1000 A rather than by a si to-site hopping process. 

Unfortunately, the MK data at temperatures, which if re analyzed 

would greatly cl fy this di iculty in physical interpretation, are 

i evable. 
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V ~ CONCLUS I Ot'-JS. 

An analysis of surface spreading datc1 1r1hich utiJizes both the rnugnttucl1; 

and the radial variation of the tracer countrate has been developed and 

implemented numerically. Depletion of the tracer source as well as enri 

chment of the tracer sink are treated by the model. Parasitic effects 

such as a contact resistance and evaporation are taken into account. Vo-

lume diffusion of tracer is an integral part of the process because it 

alone permits detection of the tracer transported by surface diffusion. 

However, volume diffusion does not contribute to radial spreading per se. 

Application of the analysis method to the only set of surface s ing 

data on UO in the literature produces a surface diffusion coefficient 
2 

at 19~5° C which is - 3000 times larger than that obtained from tl1e same 

data by the original experimenters and 4 orders of magnitude larger than 

that obtained by extrapolation of surface diffusivities inferrerl from mass 

transfer methods at lower temperatures. The present analysis yields a sur 

face diffu:3ivity between 0.1 and 0.3 cm 2 /s at 191"j° C. fhjs VIJ]uu i~i vc~ry 

much larger than those used in current fuel modeling codes whose c 

tions of fission gas release are very sensitive to the value of the surfa 

ce diffusivity employed. 

There is no obvious explanation of the enormous discrepancy bet~veen the 

tracer and mass transfer methods of measuring D , although the latter is 
s 

suspect on several grounds. This technique is known to be totally 

evaporation-controlled above 1700° C and corre on of the results of 
lower temperature measurements was done without access to the original 

data. Moreover, in the mass transfer method, the relaxation of the 
surface features upon which the technique relies can be due to gaseous 

diffusion, solid diffusion, or surface diffusion, Experimentally the 

controlling process is distinguished by the time-dependence of the 

relaxation, which is t 1/ 4 for surface diffusion and t 113 for the two 

bulk diffusion mechanisms, Such a method of determining rate-controlling 

processes is tenuous. In the tracer experimen in a flowing gas, 
surface diffusion is the only possible mechanism for surface spreading. 

Gas phase transfer is ruled out experimentally. Radial diffusion in 



the solid is iminated scale arguments. Consequently the radial 

spreading data of MK's tracer experiment are trustworthy and with 
proper mathematical interpretation, provide the most reliable uo2 
surface diffusivity measurements available. 
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Table 1 Parameters of the Best Fits of the Sur e Spread Data 

a 

of Ref. 9 at 1915°C to the,ory(Evaporation neglected) 

1 

2 

3 

4 

assuming C 
s 

45 

30 

30 

vo1ur;te d 1~ 

u ~-~Y.:JS:m 
~11 

1.5x10 

~11 
7.5x10 

1.5x10~ 11 

~11 
7.5x10 

~9 2 
- 1.1x10 g atoms/em 

2 r· 
'0 

8 . 5 

2 '5 

6. 0 
~-~-~ 

1 [' 
'0 

0' 5 

3 ' 0 

0. 3 
... -~-~~.-=-----·-

2 a 
D , em-Is 

s 

0 13 

0.18 

0.13 

0.26 
-- --·--· 
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F I G U R E C A P T I 0 N S 

1.- Enriched needle/depleted pellet couple used in surface diffusion measure­

ments by the tracer method (Ref.9) 

2. - Apparatus for measuring UD vaporization under controlled gas flow condi-
2 

tions 

3. - Weight-loss of UO at 1900° C. in flowing argon and hydrogen with free 
2 

stream velocities of 22 cm/s 

4. - Comparison of UO vaporization rates in flowing argon with predictions of 
2 

mass transfer from a flat plate 

5. - Fitting of MK surface spreading data at 1915° C. for four specified combi-

nations of needle cone angle and volume diffusion coefficient. The parame­

ters E and H which provide the best fits for each case are shown on Table 

1. Evaporation has been neglected. 

6. - Effect of evaporation on surface spreading for the conditions of case 3 

(table 1). The upper curve is the approximate analytical prediction due to 

Shewmon (10) for the same values of E and T, 
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